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Abstract

fuel consumption and GHG emissions.

Background: The shipping industry has grown spectacularly during the last 50 years transporting nowadays,
approximately, the 80-90% of goods worldwide. However, maritime transport remains a highly inefficient industry.
Only in the last 10-15 years has the industry started studying how to optimize navigation speeds and digitization is
just entering ports. Consequently, institutions like the International Maritime Organization (IMO) are pressing
towards the adoption of measures that increase the industry efficiency, like Just-In-Time (JIT) operations.

Methods and Results: This paper shows why the Sea Traffic Management (STM) concept, based on stakeholder
collaboration, is a JIT enabler. To do so, we analyze 1 year of navigation data of 33 ships, estimating the impact of
JIT barriers on shipping and showing the benefits that the adoption of STM, with different maturity levels, could
provide to the industry. Our evaluation shows that, only for containerships, STM can help reducing by 15-23% of
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1 Introduction

Over the last 50 years, seaborne trade has seen a remark-
able development. Shipping carries approximately 80—
90% of goods worldwide [6]. During this period,
maritime transport and their logistic infrastructures have
been essential for the global economy development and
its competitiveness. The impact of this strategic sector
in the quality of life of citizens is crucial, as maritime
transport is a powerful key driver for job creation and
economic growth. Promoting innovation on efficiency,
sustainability, safety and (cyber) security within the
maritime transport sector is a fundamental issue.

The significant economic growth before the global
financial crisis and the increase of trade volumes in re-
cent years have driven maritime transport into develop-
ing their capacities in unexpected ways. Infrastructures,
services and equipment have achieved a significant
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growth of capabilities and complexity. This evolution
has provided remarkable benefits for the performance of
the sector. However, operational missing links and bot-
tlenecks remain, resulting in significant negative effects
like performance inefficiencies, income loss, increased
energy consumption as well as pollutant and Green-
house gas emissions (GHG) among other externalities.

Prospects for seaborne trade are positive with pro-
jected volume increases of a 4% in 2018 and following
years. Continued favourable trends in the global econ-
omy are also expected with a forecasting of 3.8% com-
pound annual growth [32]. The total volume of cargo
transported by seaborne trade is expected to surpass
10.7 billion tons and, if growth in seaborne trade con-
tinues at the above-mentioned rates, it is foreseen to see
32 billion tons of cargo being shipped annually by 2050,
producing 3 billion tons of CO2 in the process.

The IMO has been developing a strategy to reduce the
shipping sector’s emissions since 2003. Resolution
A.963(23) [10] ‘urges the Marine Environment Protection
Committee (MEPC) to identify and develop the mechanism
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or mechanisms needed to achieve the limitation or
reduction of GHG emissions from international shipping.
Resolution MEPC.203(62) [11] on July 2011 developed
mandatory technical and operational measures for the en-
ergy efficiency of ships. In October 2016, MEPC70 agreed
on a Roadmap for developing a comprehensive IMO strat-
egy on reduction of GHG emissions from ships, which
foresaw adoption of an initial GHG reduction strategy that
was later approved during MEPC 73 on 13 April 2018.

The adopted strategy envisages a reduction in the total
GHG emissions from international shipping of at least
50% by 2050 if compared to 2008. Emission reductions
should start as soon as possible and those efforts should
be pursued to phase out carbon emissions entirely. One
of the proposed efforts that is gaining track is the con-
cept of ‘Just-in-Time operations’ (JIT) as a specific e-
Navigation instrument to mitigate the environmental
impact of shipping and contribute to the GHG reduction
objectives established by IMO. The shipping industry is
far behind in terms of JIT efficiency. Recent findings by
DNV GL [7] indicate that ships spend roughly 50% of
their time in berth, anchoring or manoeuvring. More-
over, this implies more than the 15% of their annual fuel
consumption and GHG emissions. Like for aviation,
bringing in JIT operations would lead to a reduction on
trading waiting times, a maximisation of ports utilisation
and a reduction of costs for the ships in fuel or costs as-
sociated to their stay at port. Moreover, it would allow a
substantial reduction on the GHG and other gasses
emissions.

As part of the international mobilisation in the ship-
ping sector to establish actions for mitigating the envir-
onmental impact of maritime transport in the coming
years, the Sea Traffic Management (STM) initiative has
been gaining momentum during the last decade. STM is
a concept that aims to bring maritime transport into the
digital era, thus obtaining remarkable benefits derived
from this digital transition. In particular, STM aims to
facilitate a better synchronisation of operations in mari-
time navigation and in the ship-port interfaces by in-
creasing real time information exchange, thus leading to
better decision making and increasing efficiency of oper-
ations with the associated reduction of environmental
impact. As an e-Navigation initiative, STM is fully
aligned with the IMO strategy on the reduction of GHG
emissions through the digital transition of the shipping
sector.

Other examples of this increasing awareness are other
local proposals like Pronto, PitStop, or SmartPortLogis-
tics in the ports of Rotterdam, Algeciras or Hamburg.
Pronto [26] provides port actors with a shared platform
to exchange data about their port calls, showing infor-
mation related to a vessel in real time since an ETA is
provided. It is aimed at improving the coordination of
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actors and resources management in the port, increasing
predictability and reducing CO2 emissions. Similarly, the
PitStop project in Algeciras [24] aims to improve port
efficiency through the application of the Port Collabora-
tive Decision Making (PortCDM, a communication
standard from the STM initiative) concept to optimize
ETAs, berth management and port visit management.
With Smart Port Logistics [25], the Port of Hamburg
aims to optimize traffic flows, infrastructure and the flow
of goods to improve port efficiency. It also provides ac-
tors in the port with a platform to exchange data, involv-
ing even the truck companies operating in Hamburg.

These proposals share the fact of providing platforms
to ease the communication between port actors to
optimize how each portcall is served, but this hardly
goes beyond a local optimization. Given the nature of
the shipping business, all actors must be synchronized
and that there must be an exchange of information be-
tween ports and ships, but also between ports. Ports
must exchange key information like Estimated and Ac-
tual Times of Departure (ETDs and ATDs). Having this
information in real time allows to evaluate the feasibility
of reported ETA at the next port. That knowledge will
allow ports to perform a better planification of resources
that goes beyond several hours, reaching days in advance
and, hence, improving the planning of port agents and
reducing the waiting times.

In this paper we evaluate the role of STM as an en-
abler for JIT operations. The contributions of this work
are two-fold. First, we enumerate some of the barriers to
JIT operations and quantify their impact on regular ship-
ping lines. To do so, we evaluate aspects like cruising
speed dispersion, anchoring times and Estimated Time
of Arrival (ETA) deviations. On the other hand, we esti-
mate the potential benefits of having a STM-enabled
ecosystem with different levels of maturity on fuel con-
sumption and GHG emissions.

The rest of the paper is structured as follows. Section 2
introduces some previous work related to greening navi-
gation. Section 3 defines JIT navigation, the barriers pre-
venting it and how STM-based systems can overcome
them. The impact of these barriers on navigation is quan-
tified in Section 4. Section 6 evaluates the potential impact
that STM can have in the shipping industry at different
levels of maturity. We discuss some aspects of the evalu-
ation on Section 7. Finally, we present our conclusions in
Section 8.

2 Literature review

Historically, there have been multiple efforts in quantify-
ing navigation-related pollution, specially in ports [31]
[1] [35] [33], and in greening navigation. Many of these
efforts are mentioned in [28], that analyzes issues related
to road, maritime and other means of transportation.



Arjona Aroca et al. European Transport Research Review

Chapter 9 [27], in particular, focuses on Speed and
Route Optimization and its subproblems like slow
steaming, speed and route optimization, or weather
routing. These techniques, respectively, consist in adapt-
ing the speed of the ship to reduce its fuel consumption,
optimizing the route the ship has to follow in terms of
distance, navigation time or expected consumption, or
considering aspects like weather forecasts to avoid
events, like storms, that may affect navigation and force
the ship to catch up later, overspending fuel. Tu et al.
collect in their survey [30] multiple examples of these
techniques leveraging Automatic Identification System
(AIS) data. These techniques have a great impact on fuel
consumption and navigation, due to the non-linearities
on the speed/power relation of engines. For instance, in
a containership, a reduction on the engine load of a 10%
means navigating at about half of its design speed [27].
This has additional benefits beyond reducing fuel and
emissions, reducing the voyage costs as well, or helping
to absorb fleet overcapacity [3]. Digitization is also an
enhancer for the introduction of these techniques into
production systems, making navigation more efficient
and greener [18], and acting as an enabler for autono-
mous navigation even in the toughest conditions [16].

However, addressing only the voyage part is not
enough. The community has become aware that to
optimize navigation, ports have to be in the loop and
that every stakeholder in the shipping ecosystem has to
be involved [23]. Only recently ports have started to
digitize, to leverage the advances in Information Tech-
nology (IT) and to tackle the problem of portcall
synchronization [5]. Optimizing routes or speeds be-
comes useless if the ship arrives at port and has to wait
in anchoring for several hours or, oppositely, needs to
speed up to leverage a slot at berth. The main require-
ment for portcall synchronization is collaboration among
port stakeholder. Despite of the ample variety of port
simulation models [20], they cannot be used in produc-
tion without (near-)real time data and collaboration of
the port stakeholders. Collaborative planning [22] is
gaining track in the research community in the last
years, thanks to the enablers provided by IT [19]. Collab-
oration leads to synchronization of efforts and actors
within the port. This synchronization enables an efficient
resource management and planning [2], avoiding situa-
tions where ships have to wait to enter or leave the port
because not enough tugs, or moorers or other actors are
available. It also helps reducing the turn-around time,
improving the port efficiency.

Along these lines, the Monalisa and Monalisa 2.0 pro-
jects [4] [15] [13] defined the STM concept, studying
vessel-to-vessel awareness and information sharing, voy-
age management or laying the foundations of PortCDM.
STM [29] extends and implements MonaLisa. STM
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provides tools to improve the communication between
actors in the port and arriving ships, and also between
ports or ships. It also offers on-demand services to ships
(e.g., route optimization, weather routing). Altogether,
STM will allow an end-to-end optimization of navigation
and will boost ports efficiency, giving room additional
savings in fuel consumption and GHG emissions. The
STM concept is explained in Section 3.

3 Just in time (JIT) navigation
3.1 Concept
The concept of Just-in-Time (JIT) arose in the 1960s
and 1970s as a management strategy that aims to adjust
the required supplies and production rate to consumer
demand [14]. This results in an increment of production
efficiency, of inventory turnover and, hence, reducing
the storage space, as less stock is required, reducing also
wastage due to obsolete or damaged stock, among other
advantages. It requires, though, an accurate planning,
demand forecasting and synchronization, as supplier de-
lays can cause a stock shortage. If properly implemented,
rewards tend to largely compensate for the risks, reason
why this management philosophy has been applied in
many organizations in very different sectors [34].
According to the IMO Global maritime energy effi-
ciency partnerships - Global Industry Alliance (Glo-
MEEP-GIA) [8], the shipping industry should be one of
these sectors in the near future. Implementing JIT oper-
ations in the shipping industry will improve the industry
average efficiency, leading to significant reductions infuel
consumption and GHG emissions. Similarly, JIT opera-
tions will help to eliminate inefficiencies like idle times
in navigation or in ports. We refer, for instance, to an-
choring times, time at berth when no cargo is being
(un)loaded or any task is being performed but there are
no resources to let the ship out of the port, or stop-by
times due to congestion in canals. This can be achieved
through investments on digitization and IT technologies
to improve the communication among the actors in-
volved in navigation and port operations. For instance,
to have ports and ships negotiating ETAs so one can
meet it and the other assures that the ship will be
allowed into the port at that time, to have port
technical-nautical services assuring that they will be
available to serve an incoming ship, to coordinate the ar-
rival of ships at a port or at the entrance of a canal. This
coordination will also help ships to optimize their navi-
gation speed, taking more advantage of slow steaming,
reducing fuel consumption and GHG emissions, and
allowing companies to improve their fleet allocation
strategies. In general, JIT operations will result from col-
laboration and the resulting improved coordination and
synchronization among stakeholders.
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3.2 Barriers

The IMO GIoMEEP - GIA working group is looking into
the operational and contractual barriers that forbid
ships, port authorities and others to implement JIT op-
erations. Some of these barriers relate to the absence of
standardized automated ship-port, ship-ship and port-
port digital communications in real time and beyond the
VHEF range; the lack of coordination among the different
actors within ports; or how man power is organized
around a portcall.

Nowadays, most communications are performed
through shipping agents that provide ETAs that are
rarely updated. Only when ships get into the VHF range
they communicate through VTS systems or radio and
make ports aware of their proximity. Consequently,
ports cannot make any solid resource planning beyond a
few hours as they rely on ETAs, and ETAs are not reli-
able. This result is ships arriving early and finding their
unavailable berths, busy/congested port entrances, or
not enough technical operators (e.g., moorers, tugs, pi-
lots, ice-breakers) to let them in/out, or even having to
wait in the middle of the entrance/departure operations
because some of these operators are not aligned or de-
layed. Figure 1 shows an example of the effects of this
lack of synchronization. There, we show route followed
by the MSC Lausane, that had to wait for 2 days before
being allowed to enter in the port of Ashdod (January
2018). The color of the path indicates the speed
variation.

Similarly, ships can be informed that there may be a
short window to enter in the port, or to be served earlier
in berth if they arrive earlier, forcing to abrupt incre-
ments of speed that could have been distributed during
the entire voyage; find narrow areas or canals congested
instead of coordinating a staggered arrival, or finding
themselves in collision routes to another ships that force
stop-and-go operations. All these situations force
variations in the cruising speed leading to additional
consumption and GHG emissions.

<\, Israel

[/, -
v Ashdod 2.5
Mediterranean Sea

0.0

Fig. 1 Trajectory of the ship MSC Lausanne on its arrival at Ashdod
(January, 2018). The lack of ship-port synchronization led to two
days of delay, consumption and GHG emissions. The colors show
the variations in speed on the different attempts of entering at
the port
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3.3 STM as a JIT operations enabler

The Sea Traffic Management (STM) initiative focuses
on offering services that allow real time digital exchange
of information between ships, between and within ports,
and between ships and ports as well as with shore cen-
tres. Examples of the information that can be exchanged
are voyage plans between ships, ports and shore centres,
continuous ETA reporting, real time tracking of when
operations associated to these ships port call will take
place. Similarly, other services are offered to ships, like
route optimization or weather routing.

One of the most ambitious tasks in STM has been the
elaboration of the Port Call Message Format (PCMF),
based on PortCDM, accepted by IALA' as the S-211
standard [9] for Ship-to-port, port-to-ship, port-to-port,
as well as port actor-to-port actor communication
protocol. PortCDM has been deployed in the ports of
Valencia, Barcelona and Sagunto (Spain), Goteborg,
Umea (Sweden), Stavanger, Vaasa (Norway) and Limas-
sol (Cyprus), among others, as well as being used in
other projects like PitStop.

STM not only provides real time exchange of standard
information, but also aligns ports and shore centres to
share information, breaking the VHF range frontier and
allowing to pull ahead the time limits for resource man-
agement in ports. Altogether, STM helps to overcome
many of the operational JIT barriers, becoming a strong
enabler and helping to green the shipping industry.

4 Methodology

In this section we describe the methodology followed in
Section 5 to measure the impact of JIT barriers and in
Section 6 to perform an estimation on the potential sav-
ings that can be achieved through solutions like those
proposed by the STM initiative.

To measure the impact of JIT barriers we acquired 1
year of AIS data (2017/06/01-2018/05/31) of 33 ships in
regular itineraries from MarineTraffic [17]. These data
include timestamp, latitude, longitude, speed, IMO and
reported ETA, among others. The data correspond to
Car-Carriers (CC), Containerships (CS), RoRos (RR),
RoPax (RP) and Pax (Px) ships. Within each type, ships
are also divided in segments. The ships are anonymized
and denoted as XXY_Z, where XX denotes the type, Y
the segment, and Z the ship, e.g., CS1_3. Table 1 pro-
vides some information about the ships in these seg-
ments. To separate the different navigation phases (i.e.,
cruising, berth, anchoring, ...), estimate consumptions
and emissions, etc., we based our calculations on [21],
with subtle modifications required by the dataset.

'TALA-AISM: International Association of Marine Aids to Navigation
and Lighthouse Authorities
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Table 1 Some of the characteristics of the different ship types analysed, including the number of ships of that type, ground
tonnage, year of build, capacity (in the corresponding units) and main and aux engine power

Segment Number of Ground Tonnage [Tn] Year of build Capacity Main engine Aux Engine
Ships power [KW] Power [KW]

Car Carrier (CO) 2 59,835 2011-12 6700 CEU 16,600 1540

ContainerShip 1 (CS1) 3 6326-7946 1995 646-660 TEU 6600 375

ContainerShip 2 (CS2) 5 62,702-66,526 2000-07 5468-6336 TEU 39,952-55,700 4000-6200

ContainerShip 3 (CS3) 9 94,000-95,500 2013-16 8800-9403 TEU 47,430-54,900 7000-9000

Ro-Pax 1 (RP1) 2 51,837-57,958 2001-03 3980-4100 (lane metres) 24,000-25,920 375

Ro-Pax 2 (RP2) 2 31,678-34,384 2013-14 1350 (lane metres) 21,600 1463

Ro-Pax 3 (RP3) 2 34,384-35,492 1988-92 970 (lane metres) 23,760 4280

Ro-Ro 1 (RR1) 3 5627-9708 1988-96 375-830 (lane metres) 2960-5280 350-650

Ro-Ro 2 (RR2) 3 20,154-20,186 1996 1900 (lane metres) 9000 1220

Ro-Ro 3 (RR3) 1 10,585 1998 616 (lane metres) 14,480 640

Pax (PAX) 1 34,924 2004 1534 PAX 23,388 2880

We use three different KPIs to estimate the impact of
JIT barriers on navigation: cruising speed, anchoring
time, and ETA deviation. We evaluate the cruising speed
of a ship using the Interquartile Range (IQR)-to-median
(ITM) coefficient of dispersion. The lowest this coeffi-
cient, the lower dispersion and more constant the cruis-
ing speed. High dispersion results from sub-optimal
weather routing, lack of ship-port synchronization, on-
route congestion, unexpected detention due to collision
avoidance protocols, or bad planification, among others.
To evaluate anchoring time, we use the anchoring time
per call and aggregated for each ship. Anchoring time
occurs when a ship is not allowed into port, usually due
to a lack of ship-port synchronization. Usual causes are
unavailability of technical-nautical agents (e.g., pilots,
moorers, tugs) to let it in, or because the berth is not
available. Ideally, the anchoring time in regular lines
should be zero. Finally, we evaluate the ETA deviation
using the difference between the initially reported ETA
of a vessel and its ATA. We differentiate the cases where
|[ETA — ATA| <1, ETA - ATA>1and ATA - ETA > 1.
This KPI shows how good/bad is the ETA upon ship’s
departure and inherently reflects how difficult is for a
port to make a resource planification beyond a few
hours.

In section 6, we evaluate the potential of a hypothetical
STM-based system as enabler for JIT and estimate the
reductions in fuel consumption and GHG emissions that
could result at different stages or maturity levels of its
deployment. We define three scenarios that intend to
represent the benefits that this STM-based system could
achieve at three different, but incremental, maturity
levels. We focus on the case of containerships for a)
conceptual reasons, as according to IMO [12], it is the
most pollutant traffic and, hence, the one where achiev-
ing JIT would be more beneficial; and b) practical

reasons, as it is the most important traffic for the Port of
Valencia and, hence, the one for which we acquired
more data. The scenarios are the following:

4.1 Scenario 1: improved port-ship synchronization

This translates into more reliable ETAs and reduction or
elimination of anchoring. The ship adapts its speed to
arrive at the agreed time at port and navigates at rela-
tively constant speed. The port assures that the ship will
be let in upon its arrival. We simulate this scenario by
removing the anchoring time (if any) and adapting the
cruising speed of the ships so they arrive at port at the
time they commenced their anchoring. The time at
berth is kept constant and its departure is moved ahead,
so the anchoring time saved is used for slower naviga-
tion on the next leg. A ship cannot cruise at very low
speeds, so we fix the minimum cruising speed to the first
quartile of the speed distribution for that leg and ship. If
the speed at which the ship had to cruise to use all the
anchoring time saved was below that minimum speed,
we assume the ship negotiates an earlier ETA with the
next port and arrives earlier, leaving the remaining extra
time to the next leg.

4.2 Scenario 2: improved port operations

PortCDM is already integrated in port and stakeholder
operations, improving their efficiency and reducing the
time at berth. For this scenario we had to estimate what
was this margin of improvement. To do so, we analyzed
data from port calls from the ports of Valencia and Sa-
gunto as well as from other 5 large European ports in-
volved in the STM project. We processed more than
6000 port calls for which the completeness of the data
was sufficient to estimate the idle time spent in berth,
i.e., not in operation. We classified these data per types
of traffic. The average idle time for containerships in
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these ports was roughly 15% of the time at berth. For
this reason, we assume that reducing a 10% of the time
at berth is feasible thanks to the improved actors’
synchronization. We shortened berthing times, but not
allowed this time as extra navigation time.

4.3 Scenario 3: elastic shipping

We assume that mature STM systems will lead to ships
being able to adopt optimal navigation speeds and ports
adapt to them seamlessly. For this reason, in this sce-
nario we will study two different subcases. First, assum-
ing that the median speed case observed for a ship in a
leg is the right cruising speed. Second, the low speed
case, where we fix the cruising speed to the first quartile
of the ship-leg speed distribution.

4.4 Common aspects

We apply a route extraction algorithm in all the scenar-
ios. To compute the routes, we devised a K-medians
based clustering algorithm that uses AIS data to obtain
a series of waypoints for each route, we do not provide
more details due to space limitations but show two ex-
amples in Fig. 2. This figure shows, in green, all the AIS
data samples collected for several ships over two routes,
Tananger-Hirtshals and Rotterdam-Aarhus, and, in red,
the waypoints the algorithm extracted to characterize
them. Similarly, we assume that congestion at the port
entrance or in canals is avoided thanks to the improved
ship-to-ship and port-to-ship communication and
synchronization. In our simulator we consider ECA
zones, different engine consumptions according to
them, speed restrictions in canals, e.g., Kiel, or proxim-
ity to coast. The computation of GHG emissions and
fuel consumption is based on the formulas provided in
Olmer et al. [21]. Figure 3 presents an example of the
engine related data included in the JSON input file used
for each ship used to perform these computations.
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5 Measuring the impact of the barriers to JIT
navigation

Figure 4 shows the distribution of cruising speeds over a
year for the 33 ships studied. Each violin includes me-
dian, IQR and, above, ITM. The color of the violin indi-
cates the type and segment of a ship. We can see that,
except for 5 ships from CS1, RP1 and RR1, the rest have
a dispersion coefficient above 0.15, as intuited from the
violins’ shape. This evidence leads us to discard that
large dispersion is associated to a type of traffic. Intui-
tively, it could be claimed that dispersion may be low for
a leg, but that having different legs requiring different
navigation speeds, results in large dispersion. Figure 5
inspects the per leg speed distributions of two of these
cases, CS1_3 and CS3_9, CSs from different segments,
with low and high dispersion respectively. Fig. 5 (left)
shows that even when having different legs has an im-
pact, the speed distribution can be bi or multimodal
even for the same leg, e.g., USOAK-USLGB. Moreover,
Fig. 5 (right) shows that dispersion appears even for
ships that apparently have homogeneous legs. Other
causes for dispersion are anchoring or delays upon de-
parture in previous legs that may force the ship to re-
cover time in the following legs; the presence of open
windows at berth, causing the ship to speed up to take
advantage of them; or unexpected congestion on-route
or at the port entrance, for instance. These issues have a
major impact on the fuel consumption and GHG emis-
sions, as they depend superlinearly on speed. High speed
dispersion and high speeds lead to an excess of fuel con-
sumption and GHG emissions.

It is worth noting that other possibly relevant aspects,
like leg distance or departure/destination port size are
not necessarily causes for the dispersion. For instance,
CS2 ships follow medium distance routes, CS3 and CC
follow long distance and transoceanic routes, and RP2
ships short distance ones. Similarly, the ports called by
CS2 and CS3 ships are relatively large ports while those
called by RP2 and most called by CC are not. However,

red dots the waypoints resulting from our computations

Denmark

Fig. 2 Examples of the k-medians clustering algorithm used for extracting routes and obtaining waypoints. Green dots are AlS data samples and

Hirtshals /o

Germany

;“;Néfherlands
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[{"engine_power™: {
"Cruising": {"main": 55700,"aux": 3100,"boiler": 0},"Man
"Anchor": {"main": 0,"aux": 6200,"boiler": 450}, "Berth":
"IdleTime": {"main": 55700,"aux": 6200,"boiler": 450} },
"engine_emissions": {
"ECA": {

"boiler": {"CO2": 962,"NOX": 2.0,"SOX": 0.57,"PM": 0.1
"NO ECA": {

"constants": {
"SAF": {"Cruising": 1.07,"Maneuvering": 1.43,"IdleTime"
"HFFI": 1.02595, "K1(um)": 120, "K2(um)": 400, "L(m)":
"DAF": 0.868940, "CO2_res": 3.114, "CO2_dis": 3.206} }

"main": {"CO2": 593,"NOX": 15.98,"SOX": 0.37,"PM": 0.

"main": {"CO2": 607,"NOX": 17,"SOX": 10.29,"PM": 1.42}, "aux": {"CO2": 707,"NOX": 13,"SOX": 11.98,"PM": 1.44},
"boiler": {"CO2": 950,"NOX": 2.1,"SOX": 16.1,"PM": 0.93} } },

euvering": {"main": 55700,"aux": 6200,"boiler": 450},
{"main": 0,"aux": 6200,"boiler": 450},

19}, "aux": {"CO2": 696,"NOX": 12.22,"SOX": 0.43,"PM": 0.19},
i

: 1.43,"Anchor": 1,"Berth": 1}, "vmax": 26.1,
277.23, "coast_Wt": 1.1, "internat. Wt": 1.15,

Fig. 3 Example of the JSON input data file regarding engine information.
emissions using the models proposed in [21]

This information is used to estimate fuel consumption and GHG

although at different levels, their dispersion results are
beyond our 0.15 reference.

Figure 6 shows the Cumulative Distribution Function
(CDF) and aggregated anchoring times for CCs, CSs and
RRs over a year. In general, ports apply a First-Come
First Served policy to allow ships into the port, inde-
pendently on the accuracy of their ETAs. Hence, a ship
arriving 3 h after its reported ETA but minutes before
another one arriving on time, will be served first. The
exception is passenger traffic, that has priority over any
other traffic, causing other ships to wait even if arriving
slightly before. For this reason, we omit RP and Px traf-
fic in Fig. 6, as they barely ever go to anchoring.

Hence, we would expect that anchoring times are uni-
form across the other types. The reality is that CSs and
CCs had to wait in anchoring many more times and for
longer than RRs. Our intuition is that this is caused be-
cause these RRs mostly call at smaller and less congested

ports. On the other hand, CCs anchoring time is below
1h in 50% of the times and less than 10h in slightly
more than a 60% of the time. However, they call at mul-
tiple central-African ports where they experience very
long anchorings, causing the degradation in their results.
CS2 and CS3 ships wait more than an hour 80% of the
times they anchor. In their case, most of the times they
call at hub ports with higher congestion at the entrance,
which jointly with the presence of passenger traffic, ex-
tend their stays in the anchoring areas. Note that in
some cases these ships spend more than a month per
year in anchoring. Most of these waiting times could be
avoided with better port-ship synchronization, leading to
speed reductions and to a better management of re-
sources in ports.

Figure 7 analyzes ETA deviations for CC, CS and RRs.
RoPax and Pax traffic follow tight schedules and their
deviation is typically within plus minus 20-30 min of
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Fig. 5 Distribution of cruising speeds per leg for two ships of the same type but different segment, one with a very accused speed variation
(CS3_9) and one with relatively low variation (CS1_1). The high dispersion observed is not a result of having very different legs in the itinerary.
Even the same leg can present large variations of speed, as can be easily observed for both ships

their ETA, so we excluded them from this analysis.
We assume as acceptable a deviation of +1h. Figure
7 shows that CSs and CCs only arrive within the
hour in less than a 20% of the calls. The times they
are late or early are also similar, being late a 65-70%
of the times. RRs arrive within the hour more than
50% of the times and almost a 25% of the times they
are early. The late arrival tails are bad for all three
traffics, going CSs and RRs beyond the 24 h in more
than a 20% of the times, per around a 35% for CCs.
These delays difficult the planification of resources in
the ports, not being realistic to plan beyond one or
two hours ahead in most cases. At the same time,
this results in longer stays in anchoring or increasing
the congestion on the arrival and departure of ships,
reducing their overall efficiency.

6 Evaluating the potential solutions

We estimate the reductions in fuel consumption and
GHG emissions for each of the CS segments presented
in Table 1. Figure 9 presents the results for CS1 ships.

The ships in CS1 carry less than 1000 TEUs and follow
short routes in the north of Europe. Figure 9 (left) shows
the potential fuel savings in the different scenarios ver-
sus the impact on the navigation time. Note that cruis-
ing speed depends on the scenario and this affects the
time required to cover the route. The positive x axis rep-
resents the number of days by which the navigation time
is reduced. The most remarkable result in CS1 is seeing
how Sc 3 Low achieves 13—17% fuel reduction while also
reduces the days of navigation between 10 and 22 days.
CS1 ships go through the Kiel Canal. Due to congestion,
many times surround Denmark with a great cost in time
and fuel. Better synchronization would coordinate the
arrival at the Canal entrance and optimize its use, avoid-
ing this issue. For this same reason, in Sc 3 Med, the re-
duction in time can reach almost 50days. It is also
interesting to remark the difference in time between Sc
1 and Sc 2 results of the large amount of time these
ships spend in berth.

Figure 8 (right) shows the average savings and stand-
ard deviations in CS1 for the fuel and GHG pollutants.
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Fig. 6 (Left) CDFs of the anchoring times per port call for three types of ships over a year. (Right) The aggregated time for each one of the ships.
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All of them are similar except for SOx. There is a 20X
difference in SOx emissions of CS1 ships between ECA
and non ECA zones. This causes that savings within
ECA zones have lower impact, leading to a lower per-
centage of savings. In any case, the results for Sc 3 Low
are clearly superior to the other scenarios.

CS2 ships carry around 6000 TEUs and follow long
distance routes within Europe. Figure 9 (left) shows that
Sc 3 Low achieves the largest savings, followed closely
by Sc 2. CS2 ships navigate at low speeds and suffer
large aggregated anchoring times. Large anchoring times
result in large extra navigation times, low speeds and
large savings in Sc 2. Sc 3 Low savings reach the 23%
and is able to reduce between 10 and 25 days of naviga-
tion. The Sc 3 Med scenario can reduce consumption in
12-13% in 4 out of 5 cases but also days of navigation in
35-45 days. Figure 9 (right) shows that results for the
different pollutants and fuel are very similar. This homo-
geneity is different to CS1 due to the absence of ECA
zones in the routes of CS2 ships.

CS 3 ships cover transoceanic routes between America
and Europe. Due to length of their routes, have less port

calls and spend less time at berth or in anchoring. For this
reason, as shown in Fig. 10, Sc 1 and Sc 2 barely achieve
any time savings and even negative results in terms of
consumption, due to speed adjustments. Moreover, even
when navigating at low speed supposes large savings in
terms of consumption or GHG emissions, it can imply
more than a month of extra navigation time. We must
note, though, that these results are also consequence of
the huge dispersion the speed distribution has for these
ships, all of them in the order of 0.4—0.5. However, The Sc
3 Median case still achieves reductions of fuel and time,
leaving the intuition that a good selection of speed, be-
tween our low and median speeds, can still achieve savings
in the order of 5-10% in fuel and GHG emissions.

The most important takeaways from this evaluation
are that, first, even in scenarios like Sc 1, STM and JIT
can suppose substantial savings in fuel and GHG emis-
sions, at least in short and medium distance routes, as
shown for CS1 and CS2. Second, synchronization will
help to lower speeds, if needed, and possibly lead to sav-
ings between 15 and 20% in fuel and GHG emissions.
Third, that even when Sc 3 Low may be too aggressive
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Fig. 8 (left) Results for CS1 ships. Markers indicate the scenario, colors the ship. CS1 ships can benefit of STM not only thanks to synchronization
but also thanks to a reduction in congestion in places like the Kiel Canal. Potential reductions of 10-20 days of navigation and more than a 15%
of fuel and GHG emissions are achievable. A summary of the savings per pollutant and scenario is presented on the right-hand-side figure
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Fig. 9 Results for CS2 ships. (left) STM could reduce or eliminate the large anchoring times, high cruising speed dispersion or excessive idle time
at berth. This, combined with low speeds can lead to more than a 20% of reduction in fuel and GHG emissions (right). Even with higher speeds,

Segment: CS2
S - ]
= a o b
5,20 B0
£
H (-]
£ 154
I
2 o o o
i
9 10+
0 10 20 30 40
Time Reduction [Days]
Ships Scenarios
e CS21 s CS23 e (CS25 O Scl A& Sc3low
Cs2.2 cs2_4 O Sc2 @ Sc3Med
reduction above a 10% and of more than 30 days of navigation time are possible

Segment: CS2

s Sc?2

30.04
mm Scl

25.01 l I

20.0 1

Sc3low mmm Sc3 Med

15.0 A

Savings [%]

10.0 A

5.01

0.0~
Fuel C0o2 NOx SOx PM

in the speed reduction, both Sc 3 Median and Low act
as upper and lower bounds on the possible achievable
reductions and, thanks to STM, right-speeding and
synchronization can lead to substantial benefits without
increasing navigation times.

7 Discussion
The proposed method for estimating fuel consumption and
GHG emissions is not perfect. However, we validated the
accuracy of our results with cruising companies and crews
within STM, in fact one of them is one of the ships under
study, and our estimations were almost exact. Still, changes
in the engine configurations, weather conditions, and sev-
eral other causes can reduce the accuracy of our method.
Similarly, our waypoints computation can introduce a small
error in the consumption and GHG emissions while ma-
neuvering. Similarly, some assumptions during the compu-
tation of the different scenarios, like the low speed
variation, may reduce the realism of their results.

However, we believe this impact is acceptable and
serves our goal of at least establishing an upper
bound on the achievable savings. The effects of these

inaccuracies are not expected to be as substantial as
to affect the order of magnitude of the savings that
can be achieved through the implementation of ap-
proaches like those proposed in STM. Hence the
upper bounds provided should be tight enough and
reflect the impact these techniques can have in our
environment. Thus, they show and quantify the prob-
lems inherent to lack of synchronization between
agents within ports, and ports and vessels and their
consequences. Reducing these issues would largely
improve the efficiency of ports, reducing turnaround
time. As a byproduct, they would also allow for a re-
duction on the fuel consumption and GHG emissions
of vessels calling at those ports. Hence, investing in
IT solutions, like those proposed by initiatives like
STM, to improve the collaboration would not only
not imply a cost but lead to larger profits and to
more competitive ports and shipping lines.

8 Conclusions
In this paper we have presented the ways in which STM
can be an enabler for Just-In-Time (JIT) navigation and
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Fig. 10 CS3 ships benefit less from increased efficiency in ports due to the long routes they follow. Similarly, low speeds would imply and
excessive increase in navigation time. However, better synchronization an, hence, less speed dispersion, jointly with a careful speed selection
could lead to an scenario in between Sc 3 Low and Median with still substantial reductions without sacrificing navigation time
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port operations, helping to overcome some of the barriers
that nowadays avoid its adoption or, at least, a wider one.
We have also estimated the impact of some of these bar-
riers in the shipping industry, analyzing the dispersion of
the cruising speed of ships, the time they spend in anchor-
ing and the poor accuracy of the ETAs ships can provide
nowadays when they leave departure ports.

Finally, we have estimated the impact that STM can
have on greening the container shipping industry by re-
ducing fuel consumption and GHG emissions at differ-
ent maturity levels. Results show that potential
reductions of fuel consumption and GHG emissions in
the order of 15-23% may be achievable, what should
make enforcing JIT and supporting initiatives like STM
a priority for the IMO and shipping industry in general.
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